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1. Introduction. -Monolayers physisorbed on well defined cleavage faces of crystals are a good representation of a two-dimensional (2D) world despite the influence of the adsorption potential of the substrate. This potential has its own periodicity and compels us to consider forces different from the lateral interactions of the layer neighbours. The adsorbed monolayers exhibit different phases which have been inferred by adsorption isotherm measurements [1] . The transitions between these phases raised a great interest in the scientific community due to their quasi two-dimensional behaviour. The characterization of these phases has been achieved during the last few years by thermodynamic techniques (adsorption isotherm measurements, calorimetry), diffraction studies (LEED, neutron, X-rays) or molecular dynamics as well (NMR, QENS). tical analysis of the knowledge in the field [2] [3] [4] [5] [6] . Although 2D matter begins to be comprehended, numerous questions are still open.
Of principal interest is the nature of the various fluids expected to be stable on surface films. Some theoreticians proposed a melting of 2D solids through a two-step process [7, 8] . A floating solid or hexatic phase with persistence of a long range orientational order should appear before an isotropic 2D liquid. Both transitions solid-floating solid-isotropic liquid should be continuous. Very recently, these views seem to have been confirmed experimentally for helium submonolayers [9] . However those predictions were questioned by other theorists [10] [11] [12] who claimed that melting is a first order transition, i.e. 2D isotropic liquid occurs suddenly at melting. An experimental verification of these predictions for methane films was published a few months ago [13] .
If 2D melting is a first order transition, one can expect, as in bulk matter, to observe two kinds of dense fluids [1, 2] The results reported here favour the latter views for methane films adsorbed on graphite. We confirm the first order melting transition of a submonolayer of this simple hydrocarbon and perform a careful analysis of the 2D fluids below and above the 2D critical temperature. We show that the 2D liquidgas transition is also of first order below the 2D critical temperature.
Neutron diffraction which measures the coherence length of the condensed phases can answer the question of the melting transition [13] but is unable to settle the problem of different types of liquids.
This is the reason why we chose quasi-elastic neutron scattering (QENS). This technique usually yields mobility measurements. Our feeling was that this mobility should be very sensitive to the local density. In the case of a true liquid which forms two-dimensional islands in equilibrium with another phase (solid or gas), the local density is constant as the coverage changes. As for the hypercritical fluid, the local density varies inversely with coverage, leading to mobility changes. Note these neutron probe techniques are not sensitive enough to detect a signal coming from the 2D gas which is a too dilute phase.
On the other hand, the mobility of 2D fluids received attention from theorists [14, 15] who wondered whether the diffusion coefficient would diverge in two dimensions. A measurement of mobility as a function of coverage will probably stimulate the debate on the long-time behaviour of the velocity autocorrelation function.
Preliminary reports were published some time ago [16, 17] . In order to deal with this problem, we measured the mobility of a submonolayer of methane physisorbed on graphite and its variation as a function of coverage and temperature. The 2D melting is demonstrated by an abrupt increase of the mobility of the admolecules when going from the solid-gas coexistence domain to the liquid-gas coexistence domain. This increase can be seen not only by QENS but also by NMR [9, [18] [19] [20] [21] 37] and Môssbauer spectroscopy as well [22] . These [23] [24] [25] or molecular dynamics [26] [27] [28] .
This system is very similar to the rare gases on graphite where a strong theoretical effort and a lot of computer simulations were recently reported [3, [29] [30] [31] [32] [33] [34] . For these reasons, it is a typical case of 2D adsorbed phases.
Moreover this system is approachable through different complementary techniques : adsorption isotherms [1, 35, 36] , NMR [18, 37] , QENS [16, 17, 38, 39] and neutron diffraction of the deuterated compound [13, 40, 41] . Its thermodynamic properties are fairly well known [1] [13, 16, 17] , it remained incompletely characterized. Up to the present it has been assumed that the orientation distribution of papyex is the same as that of grafoil, although no characterization had been made of papyex. specifically. As a matter of fact, papyex exhibits a preferred alignment of the basal planes parallel to the plane of the foil, with a distribution similar to that of grafoil.
We present here a careful determination of the probability density g(P) of the crystallite surfaces, i.e. the angular distribution of the (0001) adsorbing area, with respect to the normal of the foil. The function is obtained from diffraction experiments (see appendix) and is drawn in figure 1 [1] occurring in the adsorbed first atomic layer. The detailed study was reported previously [16] . It We imagined a simple cell model where the fluidity was proportional to the number of holes in the adsorbed layer, i.e. to the free area [16] . This idea is the transposition in two dimensions of the model of Eyring [52] commonly used to interpret the mobility of bulk liquid. Then the translational diffusion coefficient is a function of coverage This relation is approximately verified by the experimental data [16] . ,
The other explanation deals with a molecular dynamics simulation of the mobile layer [26] [17] in checking the calibration given by the supplier of our platinum resistance thermometer. (Fig. 6 ). However at 76.5 K and below (71.5, 66.5, 61.5 and 55 K), we observe a narrow peak with a width equal to the instrumental resolution which characterizes a solid. Besides, this coverage at low temperature corresponds to the compressed structure [41] . We also observe an intermediate region at 81.5 K where the quasi-elastic spectra (Fig. 6b) shows an overall shape which looks like a mixture of curves 6a and 6c. In fact, the wings of curves 6b and 6c can be almost superposed up to an intensity about 1 000. This indicates that the 0.9 layer at 81.5 K contains a fluid with nearly the same mobility as at 91.5 K. But curve 6b is more peaked than curve 6c. We interpret this narrow peak as due to a non negligible quantity of solid. We can notice that a small quantity of immobile phase (-a few per cent) can be detected by this method since all the intensity scattered by a solid is concentrated near E = Eo. This coexistence region between 2D liquid and solid is supported by the previous adsorption isotherm measurements by Thomy and Duval [1] who already interpreted a substep observed around x = 0.9 and T -80 K as due to a first order transi- tion between a 2D fluid and solid (see paragraph 3.5 for the coverage normalization and the final phase diagram represented in figure 8 ).
Another experiment was performed around the triple point (-56 K). A 0.63 layer was observed at 59 ± 0.6 K. From paragraph 3.2 we know that in this region 2D gas and liquid coexist. Indeed we measured broad quasi-elastic spectra characteristics of the 2D liquid. At 55 ± 0.6 K the layer is solidified and the scattered line exhibits a narrow shape looking like that in figure 6a. At 57 ± 0.6 K the spectra are intermediate between a solid and a liquid shape [53] .
The experimental curves suggest the coexistence of solid and liquid in this region. Since [46] where a is the gyration radius of the H atoms (a = 1.09 À) and jo is the spherical Bessel function of zero order. Since the product F(Q) e-Q2(u2) is almost independent of the preferential orientation of the sample, it can be left out from integration in equation (3) . Then the maximum of the observed scattered intensity at E = Eo, has the following expression for the 2D solid and 2D fluid respectively
The term in brackets of expression (5) is known from the various fits performed in 3 and the two equations can be tested against the experimental results. The more precise values of Jo are obtained for the 2D solid because all the intensity is concentrated near E = Eo and the self shielding effect is relatively small. Conversely these two conditions are not fulfilled for the 2D fluid and the uncertainty on J' 0 is larger. The discussion on this latter case will be qualitative only.
Two curves jô (Qa) and jô (Qa) e-Q2(u2) have been calculated to fit Jô. The first one has no adjustable parameter (except a normalization factor). Figure 7 shows that it can account for the experimental results (4) and (5) As for the spectra maximum J' resulting from the scattering by the 2D fluid, figure 7 shows that equation (5) can account for its variation with Q 2. Due to the uncertainty on the observed J', it is meaningless to try to adjust U2 ), the only free parameter in (5) and we assume e-Q2(u2) = 1 for the 2D fluid. Here again, the isotropic rotational diffusion model appears to explain the elastic incoherent intensity scattered by the 2D fluid at 91.5 K and x = 0.9. [13, 53] and from adsorption isotherm measurements (77 T 90 K-full lines [1] ; 90 T 106 K-dash-dotted lines [36] [36] are also reported in figure 8. They extend the phase diagram up to 106.5 K. The liquid-solid coexistence domain ends at about 104 K, a temperature where a line of critical points begins.
All these measurements allow us to propose the phase diagram of the methane submonolayer adsorbed on (0001) graphite. As recalled in the introduction, the triple point (56 ± 0.4 K) was determined previously [13] . The critical temperature was estimated to about 75 K [1] . Between these temperatures, a coexistence domain of 2D liquid and gas occurs but its limits are poorly known. We hatched this region.
On the other hand, the coexistence region between the solid and liquid (stable at higher coverage) is determined more precisely. Above 77 K, the adsorption isotherm measurements by Thomy and Duval [1] and Larher [36] define clearly the limits of this domain. Their results are confirmed by our neutron scattering data at 101.5 K, x = 0.88 ; 91.5 K, x = 0.9 and 1.0 and 81.5 K, x = 0.9. Below 77 K, we measured a few quasi-elastic spectra at 76.5, 71.5, 66.5, 61.5 and 55 K for a 0.9 layer. As indicated in 3.3, the layer is solidified under these physical conditions. We also measured the diffraction lines of a 0.84 (1) layer [53] at 69.2, 61.7, 57.7 K and of a 0.83 layer [13] We also took into account the structural information obtained near the triple point [13, 53] to draw the limits of this region. At melting the mean distance between CH4 molecules increases by about 2 %. Hence the difference in density between the solid and the liquid is about 4 % near the triple point.
This phase diagram is qualitatively consistent with that proposed recently by Vora et al. [41] if their expanded solid phase Sil is actually a mixture of SII plus 2D liquid. The only quantitative disagreement has reference to the value of the triple point we find to be 56 K (Vora et al., 60 K), a temperature which was checked lately against the 2D triple point of N2 [53] .
Upon this assumption and this temperature correction, the position in coverage of the condensed phase boundaries is very close in the two papers. Furthermore, Vora's work brings more structural information near the monolayer completion. Just We showed that below 56 K the translational mobility disappeared. Methane molecules are localized at lattice sites. Still they undergo a rotational motion (see § 3.4). At lower temperature, the free rotation of the molecule is partly hindered and methane sits like a tripod on the surface. Below 20 K, several barriers to rotation induce rotational tunnelling transitions that can be observed by neutron scattering spectroscopy [39] .
As explained in the introduction, several models have been proposed by theorists to account for the mobility or the phase diagram of methane adsorbed on graphite. We already compared in 3. 1 the molecular dynamics simulation by Toxvaerd [26] [22, 55] . Another powerful technique, field emission microscopy, can measure the surface migration in adlayers. It can be employed either on the shadowed fieldemission tip mode [56, 57] or on the field-emission fluctuation method [58, 59] figure 1 . (3)) convoluted with the instrumental resolution for three different powders in the inplane geometry (see Fig. 12 ). If all the surfaces are parallel (turbostractic crystal), the scattering law is Lorentzian (equation (1) This expression has been established previously [48, 49] for an isotropic distribution of crystallites (g(p) = 1/2 n). It appears clearly that the function S'(Q, E ) obtained at fixed Q is no longer a Lorentzian line. S'(Q, E) diverges at E = Eo but when convoluted with the instrumental resolution, the divergence disappears and the resulting function is more peaked than the original Lorentzian curve (see Fig. 11 ). 4 . In-plane and out-of-plane geometry. -As explained in introduction, the preferential orientation of papyex can be used to emphasize the motions inside the adsorbed layer. Then the experiment is carried out in the in-plane configuration (Fig. 12b) . The scattering vector is parallel to the foil (0 = n/2). Conversely in an out-of-plane geometry (Fig. 12a) , the contribution to the scattered intensity of the admolecules motion along the graphite basal planes is reduced. Nevertheless the molecules moving along the misoriented platelets should contribute to the total scattered intensity. Figures 13a and 13b represent two experiments performed on the same sample at 91.5 K, x = 0.72 and Q ' = 1. 7 Â-2 in the in-plane and out-of-plane geometry respectively. One can see that the two spectra are quite different. The broad peak observed in the in-plane geometry indicates a strong mobility whereas the the narrow line measured in the out-ofplane configuration shows that the mobility perpendicular to the basal plane is very small. As a matter of fact, the wings result from the contribution of misoriented crystallites. Equation (3) accounts for the shape of curves in figure 13 . The diffusion coef- Fig. 12. -In the out-of-plane configuration (Fig.12a) , the scattering vector Q = ko -k, is perpendicular to the foil whereas in the inplane geometry (Fig.12b) figure 3 show that equation (3) is able to interpret the quasi-elastic scattering by a powder of 2D liquids either in the in-plane or out-of-plane geometry. (table I) .
